INTRODUCTION
Matrix-isolation infrared spectroscopy is an invaluable method for the characterization of reactive intermediates and unusual molecules. 1 Moreover, the development of accurate quantum mechanical methods for the calculation of fundamental vibrational frequencies has made combined experimental-computational studies almost mandatory in the investigation of such compounds. However, in many cases, a full characterization of experimental spectra requires calculation of overtones and combination bands, which cannot be carried out with the commonly available computational programs. For this purpose, a variational method to perform frequency calculations in the mechanical and electrical anharmanonic approximations has been developed. [2] [3] [4] We have used this method recently in an analysis of the matrix-isolation IR spectra of nitrile imines R-C≡N + −N − -R . 5 Here, we have applied the method to another experimental problem, viz., the interpretation of the infrared spectra of iminopropadienones RN=C=C=C=O and bisiminopropadienes, RN=C=C=C=NR, which feature unusually complex fine structure.
Iminopropadienones, RN=C=C=C=O, have been generated by flash vacuum thermolysis (FVT) of several different precursors, the most typical being 5-methylene derivatives 2 of Meldrum's acid and isoxazolo [5,4-d] pyrimidinones derivatives 3 (Scheme 1). 6 While the aryliminopropadienones have been the subject of extensive chemical and spectroscopic studies, 6, 7 the alkyliminopropadienones are much less well known. 8 The methyl derivative 1a is a reactive intermediate, which can only a) Authors to whom correspondence should be addressed. Electronic addresses: didier.begue@univ-pau.fr and wentrup@uq.edu.au. be isolated at temperatures below −100 • C or investigated directly in the gas phase. 9, 10 In particular, the infrared spectrum has not been reported and, as elaborated below, its interpretation is not straightforward.
COMPUTATIONAL METHOD
Calculations of geometries, energies, and harmonic vibrational frequencies of iminopropadienones MeNCCCO 1a, PhNCCCO 1b, and PhNCCCNPh 9 and some of their isotopomers were performed with the B3LYP hybrid functional 11 using the 6-31G* basis set implemented in the Gaussian 2009 program suite. 12 Commonly available electronic structure packages can perform calculations of the fundamental vibrational harmonic frequencies routinely. The related IR intensities are calculated within the so-called double harmonic approximation, in which the vibrational wavefunction is computed as a product of the harmonic oscillator functions and the dipole moment function developed as a linear function of normal coordinates. The intensity of the sth fundamental mode is proportional to the square of the first derivative of the dipole moment with respect to the normal coordinate Q s . However, the presence SCHEME 1. Meldrum's acid derivatives and isoxazolopyrimidinone precursors for generation of iminopropadienones R-N=C=C=C=O 1 by FVT. of overtones and combination bands in the infrared spectra is a manifestation of the breakdown of the double-harmonic approximation. The calculation of their intensities is mandatory in order to determine which of these non-fundamental transitions are active and to assign all the experimental bands. Since both mechanical (anharmonicity of the potential) and electrical (nonlinear dependence of the dipole moment on the normal coordinates) anharmonicities are expected to give intensity to non-fundamental transitions, these two effects have to be considered in the treatment of transition energies and related vibrational wavefunctions. The frequency calculations in the mechanical anharmonic approximation were carried out using a variational method a developed by Bégué et al. 2 Using this method, implemented in the P_Anhar.v2.0 program, 3 it was possible to compute all the vibrational frequencies (fundamental, combination bands, and overtones) that contribute to the mid-and near-infrared spectrum of the cumulenes studied in this paper. In addition, the activity of each mode was also calculated in the electrical anharmonic approximation using a capability included in the latest version of the program following the method developed by Baraille et al. 4 
RESULTS AND DISCUSSION

Me-N=C=C=C=O 1a
Methyliminopropadienone 1a was generated by FVT of four different precursors with matrix isolation of the products in solid Ar at ∼10 K. The first three precursors were the Meldrum's acid derivatives 4a-4c (Scheme 2), which on FVT generate the thermally interconverting ketene K and the ketenimine I (route a), both of which have been identified by IR and mass spectrometry. 8, 13 Route a operates at lower temperatures; hence an appreciable amount of ketenimine I is observed in the matrix IR spectrum resulting from FVT at 600 • C ( Figure S1 in the supplementary material 21 ). A very small amount still persists in the product from FVT at 800 • C (peak I, Figure 1 , 2076 cm −1 ). The second route, route b (Scheme 2) becomes dominant at higher FVT temperatures and proceeds via the transient ketenimine MI to produce rather pure matrixes of the iminopropadienone. This way the three precursors 4a-4c all afford MeNCCCO 1a together with the necessary byproducts CO 2 , acetone and dimethylamine, methylamine, or methanethiol. The amidine drivative 4a is the best precursor; hence most experiments were performed with this compound. Iminopropadienone 1a is highly unstable, and investigation of the IR spectrum requires matrix isolation at cryogenic temperatures ( Figure 1) . A fourth precursor, the pyrido[1,2-a]pyrimidinone 5, undergoes more complicated thermolysis, yielding a mixture of MeNCCCO 1a and 2-pyridyliminopropadienone 7 (∼1:1) in the temperature range 700-900 • C (Scheme 3). This reaction takes place via the intermediate ketene 6 with 2aminopyridine and methylamine as by-products. The formation of aryliminopropadienones by this method has been elucidated. 14 The FVT of 5 is important because the same structured IR absorption band of 1a in the 21 000-2300 cm −1 is obtained as seen in Figure S2 (supplementary material). 21 The IR spectrum of 2-pyridyliminopropadienone 7 has been described previously and is dominated by a very strong absorption due to the antisymmetric cumulenic stretch at 2249 cm −1 and a weak symmetric stretch at 2128 cm −1 . 14, 15 Previous calculations 7 on the parent compound, HNCCCO, at the HF level indicated the existence of a nearly linear form, in the following referred to as "linear," as well as a "bent" form, but only the "linear" form of 1a was located at the MP2 level. 9 Similarly, we find only the "linear" form of 1a at the B3LYP/6-31G* level. However, local LCCSD(T)/cc-pVTZ calculations 16 indicate that the "linear" form 1a is the ground state, but a "bent" form 1a is predicted at only 0.03 kcal/mol higher energy (see Figure 2 ), and the barrier to linearization is ∼3 kcal/mol. The related isoelectronic molecule carbon suboxide, O=C=C=C=O, is known to be bent with a CCC angle of 156 • in the gas phase, but with an extremely flat potential well and a barrier of only ∼18 cm −1 to linearization. 17 Thus, like O=C=C=C=O, 1a can be described as quasi-linear.
The calculated IR spectral data for the "linear" and "bent" forms 1a and 1a at the LCCSD(T)/cc-pVTZ level are sufficiently different to permit the conclusion that the linear form 1a is being observed experimentally (Table I) .
In particular, the symmetric stretch of the NCCCO moiety is predicted at 2166 for the "linear" and at 2222 for the "bent" structure. The experimental value is 2163 cm −1 (Tables I and II) . Other wavenumbers are also affected, i.e., those implying NCC moieties (α NCC and ν NC ). The full spectroscopic description of the vibrational modes of 1a at B3LYP/6-31G*, B3LYP/6-311++G(2df,2pd), and hybrid CCSD(T)/cc-pVDZ//B3LYP/6-31G* (see Ref. 18 ) levels are also presented in Table I , and the relevant data necessary for an understanding of the fine structure of the cumulene band is summarized in Table II . As is usually the case, 1 the experimental numbers are mostly a little smaller than the calculated ones. The vibrational modes discussed here are depicted in Figure 3 .
The IR spectrum of Me-N=C=C=C=O 1a in Ar matrix exhibits an unexpected and unusually complex absorption with a strong maximum at 2279 cm −1 (ν 12 ; Table II , Figure 1 , and Figures S1 and S2 in the supplementary material 21 ). The same pattern is obtained by using the four different precursors, and the splitting cannot be removed by annealing; therefore, it is not likely to be due to different matrix sites. The pronounced structure can be ascribed to the occurrence of several active overtones and combination modes, namely ν 3 + ν 10 (I = 1.23 km mol −1 ), 2ν 6 (I = 0.39 km mol −1 ), and ν 5 + ν 6 (I = 0.10 km.mol −1 ), located at 2255, 2229, and 2207 cm −1 , respectively (Table II) . The 2ν 6 and ν 5 + ν 6 active bands explain the observed band structure unambiguously. Because these additional bands are associated with an angular distortion mode of the methyl group ν 6 (I = 40.3 km mol −1 ), they are not expected for differently substituted iminopropadienones. Conversely, the ν 3 + ν 10 mode involves the NCCCX moiety (X = O or N) and can therefore be expected to cause limited fine structure for all iminopropadienone derivatives including the three systems studied here, 1a, 1b, and 9.
A medium-strength band associated with the symmetrical NCCCO stretching is calculated at 2179 cm −1 (experimental value 2163 cm −1 ). In addition, an overtone ν 4 + ν 6 -again involving the angular distortion of the methyl group (I = 1.21 km mol −1 ) -is predicted at 2136 cm −1 . The weak experimental peak is found at 2126 cm −1 (Figure 1 and Table II ). In summary, the infrared spectrum of 1a is well accounted for by the anharmonic vibrational calculations.
Ph-N=C=C=C=O 1b
1b was generated by FVT of 2b (X = NMe 2 ) at 600 • C and isolated in solid Ar at 15 K. The matrix IR spectrum is shown in Figure S3 (supplementary material). 21 antisymmetic stretching absorption, and a weak symmetrical stretch near 2140 cm −1 (peaks A, B, and D, Figure 4(a) ). The calculated vibrational modes for 1b and its 15 N and 13 C isotopomers at the B3LYP/6-31G* level are presented in full in Table S2 in the supplementary material 21 and in part in Table III . The relevant vibrational modes are depicted in Figure 5 .
The major absorption at 2247/2243 cm −1 (peaks A and B, Figure 4(a) ) is a doublet with the weaker component at 2243 cm −1 assigned to the fundamental antisymmetric stretching vibration ν 25 and the stronger component at 2247 cm −1 assigned to the combination mode ν 12 + ν 17 (Table III and Figure 4(a) ). Again, the split-ting of this absorption cannot be removed by annealing and thus cannot be ascribed to site splitting. Indeed, the evaluation of the ν 12 + ν 17 vibrational wavefunction obtained from the diagonalization of the Shrödinger vibrational Hamiltonian shows that the ν 12 + ν 17 combination band borrows intensity from the intense fundamental mode ν 25 for reasons of both energetic closeness and strong anharmonic coupling through the cubic constants which describe the potential energy surface. 19 As the two modes ν 12 and ν 17 correspond to the δ CH and ν CC,cycle modes of the phenyl group, respectively, there is no significant displacement of this mode for the 15 N isotopomer (Table III and peak E in Figure 4(b) ). In contrast, 13 C substitution causes a redshift of ν 25 by 21 cm −1 (Table III) . The only other combination mode intense enough to have a noticeable effect on the spectrum is ν 13 + ν 15 = 2218 cm −1 (I = 0.88 km mol −1 ), which we expect is responsible for the shoulder at ∼2220 cm −1 in the experimental spectrum (peaks C and G in Figures 4(a) and 4(b) ).
peaks B and A in
The weak band D centered at 2140 cm −1 in Figure 4(a) is assigned to the fundamental, symmetric stretch of the NCCCO moiety ν 24 calculated at 2135 cm −1 (I = 24.6 km mol −1 ). Two combination bands ν 7 + ν 17 (2126 cm −1 ; I = 1.94 km mol −1 ) and ν 11 + ν 15 (2136 cm −1 ; I = 0.48 km mol −1 ) are too weak to have a significant influence on the spectrum but may be the reason for the broadening of peak D. Note that peak D is redshifted to 2124 cm −1 in the 15 N isotopomer (peak H, Figure 4(b) ) in good agreement with the theoretical prediction (Table III) . Peak K at 2080 cm −1 in Figure 4 (c) may be ascribed to the corresponding absorption in the 13 C isotopomer, which is predicted at 2098 cm −1 (Table III) .
Ph-N=C=C=C=N-Ph 9
Bisiminopropadienes RN=C=C=C=NR have been generated from two different types of precursor. 20 These compounds are generally highly unstable and can only be isolated at low temperatures. The diphenyl derivative 9 was obtained by FVT of the isoxazolone precursor 8 (Scheme 4) at 800 • C TABLE III. Anharmonic wavenumbers ν (cm −1 ), principal assignments, and dominant contribution (%) for Ph-NCCCO 1b and its isotopomers in the range 2100-2315 cm −1 (see Table S1 for the full set of data).
Ph-NCCCO 1b
Ph- 15 and isolated in Ar matrix at 12 K ( Figure S4 in the supplementary material 21 ). Here, a splitting of the very strong cumulene absorption near 2170 cm −1 into three principal components is observed ( Figure 6 and Table IV ). The fundamental vibrational modes are depicted in Figure 7 . The distinctive peak in the cumulene region of 9 corresponds to the antisymmetric NCCCN stretching ν 46 = 2168 cm −1 (I > 500 km mol −1 ) giving rise to a strong triplet at 2156-2175 cm −1 labeled ABC in Figure 6 . The corresponding signature of its isopotomer Ph-15 NCCCN-Ph shows a single strong band at 2166 cm −1 (peak F) together SCHEME 4. Generation of bis(phenylimino)propadiene, Ph-N=C=C=C =N-Ph 9.
with a shoulder near 2136 cm −1 (peak G, Figure 6 ). In contrast, the isopotomer Ph-N 13 CCCN-Ph again shows a single intense band redshifted to 2140 cm −1 (peak J, Figure 6 ). Clearly, the fundamental mode ν 46 is the most intense, and frequency shifts due to the isotopic labelings are well described by the calculations (Table IV) .
Moreover, the calculations predict a strong mode ν 44 (ν as,CCCN + ν CC,cycle ) near 1580 cm −1 (I = 171 km mol −1 ) and observed experimentally at 1584 cm −1 for 9 ( Figure S4 and Table S2 in the supplementary material 21 ) and corresponding strong bands for the isopotomers Ph-15 NCCCN-Ph (1567 cm −1 , I = 249 km mol −1 ) and Ph-N 13 CCCN-Ph (1578 cm −1 , I = 605 km mol −1 ). This mode gives all or a part of its intensity to the modes 3 and 4 through the combinations ν 3 + ν 44 (I = 8.60 km mol −1 ) and ν 4 + ν 44 (I > 500 km mol −1 ), thereby resulting in two strong bands located near the fundamental ν 46 (2180 and 2183 cm −1 ; see Table IV ). Thus, these intense modes explain the appearance of the complex triplet band labeled ABC in Figure 6(a) . Isotopic labeling has a significant impact on the frequency 
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